Abstract-
I. INTRODUCTION
Multilevel cascade converters, also named cascaded Hbridge converters, were first presented in 1988 [1] . Since then they have been a focus of researchers because they present several advantages compared with other multilevel converter topologies in terms of modularity, simplicity and number of levels with minimum number of power semiconductors [2] - [4] .
Different applications have been developed using the multilevel cascade converter: Synchronous rectifiers [5] , renewable energy integration systems [6] , inverters [7] , Statcoms [8] and active filters [9] . For each application, specific control strategies have been designed, being the DCLink voltages control the most important challenge in this power converter topology.
The DC-Link voltages control problem is not a trivial issue in the cascaded multilevel topology. As in other multilevel converters, the voltages control task can be approached through modulation or as a part of the system controller. When the modulation is used to control the output voltages, the redundant output states of the converter are used. In [10] this fact is used to regulate the outputs voltages to the same reference value. When the control approach is used, a specific control has to be designed to carry out the voltages control task. Due to this multiple signals are needed, one for each Hbridge, making the controller design more complex. However the advantage is that the output voltage references can be set independently. Several strategies to achieve the voltage balance can be found in the literature such as a passivity control strategy [11] , non-linear control strategy [12] , and strategies based on PI controllers [13] .
In this paper the controller approach will be considered. To develop the controller design the power exchange process between the cells of the cascade converter and the grid is analyzed. From this analysis, the power flow limits as a function of the output voltage values will be pointed out, and finally the controller expression is derived.
II. SYSTEM DESCRIPTION
A single-phase two-cell multilevel cascade H-bridge power converter (CHB) is depicted in Fig. 1 . The system is connected to the grid through a smoothing inductor L, and it is assumed that pure resistive loads R 1 and R 2 are connected to each DCLink capacitor C 1 and C 2 respectively. The system parameters and variables are described in The equations that describe the CHB behavior are well known and they have been reported in several previous works [14] , these equations are
In these equations the control signals v m1 and v m2 defined in (1) and (2) have been introduced. These signals represent the voltages that are modulated in each cell. The equation that represents the input current dynamic is (3) and the output capacitor DC voltages dynamics are (4) and (5) .
To analyze the controller design stages, the power exchange between the cells of a cascade converter and the grid has to be studied. For this purpose the power converter representation of For a given power consumption p 1 and p 2 in each DC-Link, the theoretical reference voltages for each H-bridge can be determined. The total amount of active power that has to be drawn from the grid is T1212 ;0;0 ppppp =+>> (6) The necessary grid current and the associated inductor drop (v L ) can be then calculated and therefore the voltage that should be modulated between the points ab of the converter can be determined. For a given total amount of power p T , the values of power that can be consumed in each cell can not be chosen freely. Fig. 5a and Fig. 5b show the minimum value of active power that should be consumed in cell 1 and cell 2 respectively, to maintain the system stability.
Among the possible solutions, only those points where the active power consumed by each cell corresponds with p 1 and p 2 respectively are valid solutions for the system. For instance, from p 1 it is possible to calculate the projection of v m1 over i s as This fact leads to calculate the value of the projection of v m2 over i s , and to determine the possible points to obtain a valid solution. These points are located over the line orthogonal to v s placed a distance v m1p from the origin. The valid solutions are the points which simultaneously belong to that line and are inside the set of points that can be reached with the DC voltage values in cell 1 and 2. Fig. 6 shows the set of possible solutions for power consumption p 1 and p 2 , which are located between the points MN. It is worth pointing out that there is not a single solution for the system. The only restriction is that the solution has to be located between points MN, and therefore there is one degree of freedom which can be used to optimize the converter behavior and design. Fig. 7 shows two possible solutions for the system. Both solutions lead to the same result drawing active power p 1 and p 2 . The only difference is the reactive power value delivered or consumed by each cell.
III. CONTROLLER DESIGN
To design the controller two facts must be considered, the total voltage regulation and the voltages ratio. The total voltage regulation is related with the sum of the DC-link capacitor voltages, and the voltages ratio is defined as the ratio between the DC-link capacitor voltages of the cells of the converter, meaning for instance that if DC voltage ratio is k:1 in a twocell CHB, then v dc1 =k·v dc2 . For the control law design, it is assumed that the switching frequency is high enough to consider the control signal as a continuous signal. Due to this fact the averaged model of the system can be used to develop the controller. Also it is assumed that the current dynamic is faster than the voltage regulation and ratio dynamics of a CHB converter. Finally the control design is split in three stages: (i) Voltage regulation control loop, which ensures capacitor voltage regulation towards its reference. The output of this loop is the current reference. (ii) Achieve inductor current with high quality harmonic content and maintain the power factor as close to unity as possible.
A. Voltage regulation control loop
The averaged part of equations (4) and (5) can be used to obtain the necessary input active power to regulate the DCLink voltages. (4) and (5) 
Controllers (14) and (15) include a low pass filter in the proportional term to reduce the high frequency noise, the parameters k p1 , t 1 , k i1 , k p2 , t 2 and k i2 are design positive nonzero constants and the error and the references values are calculated as Equation (19) is equal than the current dynamic equation for the single-phase H-Bridge converter and the three-phase twolevel power converter. Several linear and non-linear controllers have been proposed to achieve the current tracking in those power converters, in [16] - [17] a repetitive control scheme is proposed for the current tracking process, and in this work the same solution is adopted. 
C. Voltage ratio control loop
As it is shown in section II, the voltage modulated by each cell (v mi ) together with the grid current must provide the active power and the reactive power demanded by the cell. The active power demand is satisfied when the projection of v m1 and v m2 over i s are defined respectively as
Besides, to achieve unity power factor the reactive power delivered by the cells must be equal to the reactive power demanded by the smoothing inductor. In addition, to ensure current tracking (20) 
where the parameters k pc1 , k pc2 , k 1 and k 2 are positive nonzero design constants. The constans k 1 and k 2 represent how the reactive power is shared between the cells.
IV. SIMULATION RESULTS
In this section simulation results are shown in order to test the proposed controller using a prototype. For this purpose the single-phase two-cell multilevel cascade H-bridge power converter has been considered. The experiment consists of a load step from no-load to full load, including different capacitor voltages reference. To modulate the reference voltage a phase-shifted PWM strategy has been used. To assess the controller performance, measurements of DC-Link capacitor voltages, grid voltage and currents are represented. TABLE II shows the electrical parameters of the power converter, switching and sampling frequencies that have been used in the model. Fig. 8 shows the obtained results for the complete experiment period. The experiment has three steps. In the first step, the DC-Link capacitor voltage references are set to 200V in both cells. Once the reference is achieved, a load step is introduced connecting a 20W resistor in each DC-Link. The second step is carried out when the steady state is reached, and then the DC-Link capacitor voltage reference of the cell 1 is set to 300V. Finally, the third step is introduced when cell 1 achieves its reference, in this moment the DC-Link capacitor voltage reference of cell 2 is set to 100V. As it can be seen in Fig. 8 the proposed control strategy is capable to regulate each DC-Link capacitor voltages to the desired values, and to control the grid current.
From Fig. 9 and Fig. 10 it is demonstrated that the proposed controller has good performance in transient and steady state conditions when a load step is applied. When a reference DC voltage step is applied in any cell the same good behavior is obtained as is shown in Fig. 11 and Fig. 12 . Fig. 9a shows the DC-Link capacitor voltages transient response when the loads are connected and the voltage references are 200V. Fig. 9b shows the corresponding grid current and voltage. Fig. 10a shows the DC-Link capacitor voltages in steady state. It can be noticed that the references are achieved, the 100 Hz ripple in the voltages is due to the active power consumption. Fig. 10b shows the grid voltage and current in steady state. It can be observed that the grid current has high quality and is almost in phase with the grid voltage. Fig. 11a shows the DC-Link capacitor voltages transient response when the reference for cell 1 is changed from 200V to 300V and the reference for cell 2 is maintained in 200V. It can be noticed that in a few grid cycles the reference is achieved, and the voltage in cell 2 is almost not affected by the reference change in cell 1. In Fig. 11b it can be observed that the grid current increases until the DC-Link capacitor voltage is stabilized in the new reference value. Fig. 12 shows similar result compared with Fig. 11 when the reference for the cell 2 is changed from 200V to 100V and the reference for the cell 1 is maintained in 300V.
V. CONCLUSIONS
In this paper a single-phase two-cell multilevel cascade Hbridge power converter connected to the grid, acting as a synchronous rectifier is studied. From the analysis of the power exchange process between the cells of the converter and the grid, it is demonstrated that for a given total active power consumption the active power sharing between the cells can not be chosen freely. The controller design stages are shown, and following these stages a controller is proposed, using in the current tracking loop a repetitive control scheme. Simulation results have been developed and it has been verified that the proposed controller provides DC-Link capacitor voltages regulation and ratio control. Besides the proposed repetitive scheme provides current with low harmonic content and also it is capable to achieve almost unity power factor, providing a very good performance of the overall system. 
